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H i ABSTRACT: 

We discuss the physics motivations for building a 500 GeV-1 TeV electron-positron linear collider. The state of the 
art collider technologies and the physics-driven machine parameters are discussed. A survey of some of the phenomena 
well suited to study at a linear collider are described, including Higgs bosons, supersymmetry, other extensions to 
the Standard Model, and cosmology. 
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1 Introduction 



1.1 The Legacy of LEP and SLC 



High Energy Physics currently faces more opportunity than ever to address significant questions 
about the structure of matter. The 1967 Standard Model (SM) of electroweak unification is 

consistent with experimental observations to accuracies better than a part in 10^, and yet it now 
raises more questions than it answers. The origin of the symmetry breaking which ultimately unifies 
electromagnetism with the weak force has still not been found. There are theoretical blemishes in 
an otherwise elegant mathematical model, such as the theoretical Higgs boson mass being unstable 
to radiative corrections, requiring a suspicious fine-tuning of Standard Model parameters in order 
to keep the Higgs boson light (jSJ. And then there is the fact that astrophysical observations suggest 
an abundance of a new kind of matter. Many are convinced that we are poised for discoveries in 
the near term which will significantly alter the physics landscape. 
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The precision measurements of electroweak processes by the Large Electron Positron colhder 
(LEP) and the SLAC Linear Collider (SLC), combined with the Tevatron's discovery of the top 
quark, have demonstrated to remarkable accuracy that a gauge theory involving a mechanism for 
spontaneous symmetry breaking (SSB) describes physics nearly correctly at energies up to 200 GeV. 
The energy scale for continued study of the electroweak sector is fundamentally set by the value 
of the Fermi coupling constant, namely 300 GeV. The LEP and SLD measurements depart from 
Standard Model predictions for production cross sections and angular distributions at small but 
statistically significant levels. These differences are generally consistent with modifications of the 
gauge boson propagators and decay vertices by a virtual particle or particles having properties 
similar to those of the Higgs boson in the minimal version of the Standard Model (3). Fits to 
the combined electroweak data suggest^ that the mass of this particle is in the ~100-200 GeV 
region ()4I5I6|1 . The particle could be the celebrated Higgs boson or some other object responsible for 
symmetry breaking and particle masses. The electroweak measurements are partially summarized 
in figure ^ which shows the LEP Electroweak Working Group (0) compilation of W boson and top 
quark mass measurements. Superimposed on the figure are the minimal Standard Model predictions 
for the Higgs boson mass, starting from the 95% confidence level lower limit of 114 GeV on its mass 
as obtained from direct searches by the four LEP experiments (6) . The measurements indicate that 
the Higgs boson or some similar phenomenon is likely to occur at a mass lower than approximately 
200 GeV. If the Higgs boson, or some particle which plays the same role in the theory, does not 
exist below around 1 TeV, then the self-interactions of gauge bosons become strong and unitarity 
is violated (jjTj). Hence on very general grounds, some new physics is expected at an energy scale 
below 1 TeV. 

Because of the rather well defined nature of the case for new physics at the near- TeV 
scale, a strategy has been formulated for High Energy Physics over the next 10-20 years. The 
Large Hadron Collider (LHC) will address many of the issues ((Slini)) but has different capabilities 
for discovering new physics than a linear collider because of the capability of a linear collider for 
high-precision measurements of masses and missing energy and for polarized scattering. Hence the 
community (|10j) plans for a machine to address the precision measurements - a linear electron- 
positron collider (LC). The case for such a machine has convinced the international community 
that serious efforts are now needed to research and plan for the LC. Studies for a linear electron- 
positron collider have existed for nearly 20 years, an excellent review of LC physics appeared in 
this journal 9 years ago (jllj) . and there are a number of LC physics reviews (|121ll8l[T^141ll5lll6lll7|) 
... so what can we add to the case now? The answer is: better understanding and new theoretical 
possibilities. The legacy of LEP and SLC's precision mapping of the electroweak terrain, coupled 
with the recent and exciting discoveries in astrophysics, have led to extensions to the Standard 
Model and completely new theories for which we need to again explore the suitability of the High 
Energy Physics tools of the coming years. Additionally, there have been significant advances in the 

^The limit on the Higgs mass from fits to precision electroweak data is very dependent on the top quark mass; an 
increase in the top mass by ~ 30 GeV increases the bound on the Higgs to roughly 280 GeV. These fits also assume 
the validity of the minimal Standard Model with a single Higgs boson. The inclusion of new physics at the TeV scale 
can significantly change this bound. 
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1.2 New Realities and Possibilities 

There are now several theoretical alternatives to the Standard Model Higgs boson, all of them 
aiming to cure the blemishes of the minimal model. Perhaps the Higgs excitation is a fermion 
"Cooper pair" achieved by introducing a new set of strong interactions at the TeV scale (|19U2U[) . 
In the "Little Higgs" theory, the Higgs boson is a composite Nambu-Goldstone boson similar to 
the pion H21|) . New, heavy gauge bosons might exist which could help with the fine tuning by 
means of loop corrections. Perhaps there is no Higgs boson at all; divergences could be cancelled 
by introducing an infinite tower of new particles in extra dimensions i22j). 

Astrophysical measurements convincingly show that approximately 80% of the matter in 
the universe is non-baryonic and that there is an astonishingly large amount of dark energy (|23j) . 
While the dark energy issue continues to be baffling, the dark matter could well consist of as yet 
undiscovered particles proposed to address some of the Standard Model deficiencies. The nature of 
the dark matter suggests that it interacts weakly; theoretical models such as supersymmetry (SUSY) 
would furnish good candidates for the dark matter The existence of supersymmetric 

particles would also offer a solution to the Standard Model's fine-tuning problem. Here there is 
also the exciting possibility that a precision electroweak machine could be a window on Planck-scale 
physics (e.g., if gravity mediates the supersymmetry breaking). 

String theory now offers the possibility that there are more than three spatial dimensions, 
and that there might be new particle excitations related to the space-time structure. A low- 
background precision energy e"'"e~ linear collider would see a distinct spectrum of narrow mass 
states arising from excitations of the spatial structures (PH|) . 

The possibilities mentioned above are just a few of the new ideas emerging to try to reconcile 
the Standard Model with Planck-scale physics. While the theories are becoming numerous, they 
all have the likelihood of new discoveries at the proposed LC energy. The complex nature of many 
of the new theories will require a low-background, precision energy collider to fully reveal the 
theoretical structure. 

1.3 A Roadmap for High Energy Physics 

Currently, the Fermilab Tevatron is taking data on proton-antiproton collisions at a center-of-mass 
energy of nearly 2 TeV. While this energy is in the range of some possible new phenomena, the 
backgrounds and luminosity of the collider make it difficult to observe production of particles with 
Higgs boson rates. Experiments at this machine have a better chance to discover larger cross section 
processes such as supersymmetric particles. Tevatron data taking is expected to continue for the 
remainder of this decade. 
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CERN's LHC is expected to be commissioned in 2007. This machine cohides protons at a 
center of mass energy of 14 TeV. The energy and luminosity are weh matched for good identification 
of the Higgs boson and many candidate particles occuring in extensions to the Standard Model; in 
particular, a SM Higgs boson could be identified in 1 or 2- years of running for any mass within the 
reasonable range of the theory ©. However, since the center-of-mass energy of the fundamental 
collision is not known, and the beams are not polarized, a number of high precision measurements 
cannot be made. The LHC will likely produce the particles responsible for symmetry breaking, but 
it will give us only partial knowledge of their qualities. 

The LC designs under consideration address precisely the limitations of the LHC, though 
at a lower mass reach. But, more importantly, the LC capability of low-background precision 
measurements opens a window to new physics. In the best of worlds, LHC and LC data-taking 
would overlap so that the two facilities could engage in feedback which would strengthen our 
knowledge of nature. The case for combined running and complementarity between the LHC and 
a LC has been the topic of intense study (|27)1. An example of what is gained this way is realized 
by the complex chain of the decay of super symmetric particles. If supersymmetric particles exist, 
and they play the expected role in curing the hierarchy problem, the LHC is likely to produce 
many of them. Sleptons, in particular, are difficult to identify cleanly at the LHC because they are 
produced with a small rate and large background with missing energy in the decay. The LC could 
provide these particle masses with much higher precision than the LHC, and there are scenarios in 
which the LHC would not detect these sparticles at all; in such cases the mass information from 
the linear collider would strengthen the LHC probe of the supersymmetric parameter space at the 
highest energies ()28|). In addition, the capability of a linear collider to make precise measurements 
of the couplings of new particles will be crucial in order to verify that the new particles correspond 
to an underlying supersymmetric model. Some concurrent running of the two facilities suggests 
an LC construction schedule. LHC startup is expected in 2007, with real physics output expected 
throughout 2008-2020. Consequently, it would be desirable to have the LC operational in 2015-17. 
This would imply initiation of LC construction by the end of this decade. A construction start at 
that time would be informed by the first LHC results. 

1.4 Physics-driven Accelerator Requirements 

The performance criteria enabling a LC to achieve the desired physics measurements have re- 
cently been stated by the American Linear Collider Physics Group (ALCPG) ( 29 ) and (with nearly 
identical conclusions) by a committee established by the International Linear Collider Steering 
Group pOjl . The major issues concern the energy, luminosity, and beam qualities. 

It is reasonable to assume that the initial LC physics program would have as its top goal 
copious production of the lowest mass Higgs boson(s) or other particles in the 115-200 GeV mass 
range indicated by LEP and SLD precision measurements (^IHUEl)- The Standard Model production 
rates for the Higgs boson are lower than those for most popular alternative physics scenarios, so it is 
this Standard Model rate that sets the luminosity requirement for the machine. Even if the current 
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electroweak precision measurements suggest a Higgs boson mass no higher than approximately 
200 GeV, the machine energy must be higher than this mass for two reasons. Firstly, the important 
"Higgstrahlung" production mechanism (section |21l) e''~e~ — > Zh has a maximum yield for a center- 
of-mass energy ^/s = 220 - 340 GeV for Higgs masses in the 115 - 200 GeV range. Second, detailed 
understanding of the particle properties will require measuring the Higgs self-coupling, the hW"*" W~ 
coupling, and (for a higher mass Higgs) the decay h — > tt pil32|) . These processes suggest a baseline 
machine energy of 500 GeV, with the capability to tune the energy in order to perform threshold 
scans and some running at the Z peak. 

The machine luminosity should be capable of producing enough Higgs bosons to measure 
cross sections and couplings at the 5% level in order to distinguish among the models p5[l,S4|inH|) 
proposed to extend the Standard Model. The maximum Standard Model Higgs production cross 
sections (in association with a Z boson) vary from about 300 fb at = 115 GeV to about 70 fb 
at M/i = 200 GeV. Assuming that the luminosity scales linearly with -y/s, the higher end of the 
mass range dictates the LC luminosity requirements, namely an integrated luminosity of 500 fb~^. 

Because precision electroweak measurements and astrophysical arguments strongly indicate 
new physics in the energy range of 100 GeV to beyond 1 TeV, the linear collider will need to be 
upgraded to the TeV energy range after the initial physics period. Exploration of the TeV energy 
region will be crucial for our understanding of the Standard Model and for addressing the indirect 
evidence of new physics. The best place to study rare or low-rate Higgs decays is at higher energy 
using W'''W~ fusion, e'''e~ — > hz/i/ (section |^1 and reference ()35() 1. This process has a cross section 
which increases with energy. Running at an energy near 1 TeV will allow for good determination 
of small branching fractions such as h ^ (|3f)|) with a fraction of the integrated luminosity it 

would take using the e"'"e~ — >Zh process at ^/s =500 GeV. For light Higgs bosons, an important 
channel to measure is radiation of a Higgs boson by a top quark in e~''e~ — > tth (section [2j2 and 
reference (|15|)). Other new physics processes benefit from the highest energy reach, even at reduced 
luminosity. For example, limits obtained on fermion compositeness and extra gauge bosons from 
the reaction e"'"e~ — > ff scale as (s^L)"'^^; for graviton exchange, the limits scale as (s^L)^'^^^ (!15|, 
where L is the total integrated luminosity. In strong symmetry breaking scenarios one will want to 
study final states with W''~W~, ZZ, and tt, which is most effectively done at the TeV energy scale. 

The LC will need to produce polarized beams in order to exploit the parity violation in- 
trinsic to the electroweak model and to identify the quantum numbers of new particles. An added 
bonus of polarized beams is the enhancement of signal reactions compared to most backgrounds. 
Currently it is feasible to polarize the electron beam to better than 80% as established by SLC, but 
positron polarization remains at the research and development stage. Even if the machine were to 
operate with only polarized electrons, much better sensitivity to SM parameters in W'''W~ and tt 
production would be observed (section 1^2), and it would allow for selection of specific chirality in 
supersymmetric particle production (section . Electron polarization of 80% or more is very effec- 
tive in identifying selectrons in supersymmetric theories, where each lepton has two scalar partners 
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which are produced preferentiahy from polarized electron beams of opposite polarization. 
Positron polarization increases the effective polarization, defined as 

_ \P-\ + \P+\ 
= 1 + lP.P+l' 

where P+, P_ are the electron and positron polarizations. This results in higher production rates of 
a number of physics processes, including Zhh and W''~W~hh production p7|l. Annihilation through 
a photon or virtual Z takes place from the polarization states e^e^^ and e^e^ only. By polarizing 
the positron beam opposite to the electron beam, these channels are enhanced and better defined. 
For 80% electron polarization, the introduction of 60% positron polarization leads to an effective 
polarization of 95% and an increase in the annihilation rate by a factor 1.5, assuming no loss of 
intensity as a result of the positron polarization (15). Additionally, positron polarization aids in 
background suppression. With an e^ beam, introduction of a 60% polarized positron beam leads 

to a further factor of three background suppression of W'^W^ pairs. Positron polarization can also 
be used to control signal and background reactions involving t-channel exchange. If the selectron 
appears at the LC, positron polarization can select whether the partner of the e^ or ej^ is produced. 
Single W"*" production is a background for some analyses, and this can alse be controlled by using 
a polarized e^ beam. 



1.5 Technologies and Issues for a Linear Collider 
1.5.1 Accelerating Structures 

Electron storage rings cease to be effective for beam energies much above 100 GeV because the 
power lost to synchrotron radiation grows as E^^^^^. The total cost of electron synchrotrons scales 
roughly as E^^^^^^, whereas the scaling is linear for linear accelerating structures (|^H]) . The only 
practical alternative for a next-generation electron accelerator is to collide bunches accelerated in 
linear structures. For cost reasons these linacs need to employ higher acceleration gradients than 
used previously, and this is facilitated by going to higher RF frequencies. The luminosity scales as 
(beam power)/(beam area), with cost optimization requiring nanometer-scale beam area. Three 
acceleration methods have been under development for well over a decade, two of which look very 
promising for implementation in the short term ()39|). 

• Superconducting (or "cold") RF cavities are the main feature of the TESLA ((TFj) proposal. 
With superconducting structures, surface power density must be limited and cryogenic losses 
increase as (where uj is the RF frequency), so relatively long RF wavelength (1.4 GHz, or L- 
band) must be employed. Accelerating structures capable of 35 MV/m have been constructed 
and tested. This technology requires a relatively long time between pulses because of the 
high-Q cavities. The TESLA layout is shown in figure [2 p6() . 
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• Normal conducting (or "warm") RF cavities ()4UII41() have recently been developed with beam- 
loaded gradients of 50 MV/m. In these structures stored energy scales as and surface 
breakdown resistance as uj, so it is desirable to use the highest RF frequency possible. The 
higher X-band (11.4 GHz) frequency would be most cost effective; a C-band (5.7 GHz) version 
is also under consideration. Like the superconducting case, the warm RF structures would be 
driven by conventional klystrons. However, the warm RF scheme puts much greater stress on 
the klystrons, requiring higher efficiency and much higher peak power. The warm RF layout 
of the "NLC" scheme is shown in figure 151 H4U|) . 

• The use of klystrons in L, C, and X band technologies is practical for beam energies up 
to approximately 1 TeV, beyond which the power costs become prohibitive. To reach the 
3 TeV range, the Compact Linear Collider (CLIC) group derives the RF power from 
deceleration of a high-current, low-energy bunched beam. It is thought that higher surface 
damage thresholds can be achieved by using yet higher RF frequencies, so CLIC is developing 
30 GHz RF structures. This technology could conceiveably achieve gradients of 150 MV/m. 
Research and development of this challenging technology is underway, but it is not expected 
to be demonstrated in the near term. 

At the time this article was written, several issues with both the warm and cold technology 
were identified by the Technical Review Committee of the International Linear Collider Steering 
Committee H43() . To grossly summarize the main issues raised in their exhaustive study, it appears 
that both technologies are feasible. The two areas most urgently identified for more study are 
RF damage in the warm cavities and the feasibility of large-scale production of cryogenic RF 
modules capable of 35 MV/m with acceptable quenching and breakdown rates. In addition, the 
extremely long damping rings needed by the cold technology raise some concern. The choice of a 
technology will be made by the International LC Steering Committee (ILCSC) after considering 
the recommendations of its Technical Recommendation Panel (j4^ . 

1.5.2 Beam Structure 

The superconducting and warm RF structures require markedly different bunch structures. The 
long time constants associated with superconducting cavities lead to 950 fis pulses at a 5 Hz 
repetition rate, while the warm RF has 267 ns pulses repeated at 120 Hz or 150 Hz. The time 
between bunches in each pulse is 337 ns for superconducting RF and 1.4 ns for warm RF. The 
detector design must accommodate these differences in beam structure. The long interbunch period 
for cold RF allows detectors to read and clear between collisions, but the overall pulse structure 
does not allow for easy electronics power cycling to minimize cooling systems. The warm RF time 
structure does accommodate power cycling, but most detector electronics will not be able to read 
individual bunch crossings, so there will be pileup and duty factor issues. 
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In order to achieve the luminosity required by the physics, the beams must have nanometer scale 
transverse dimensions. This requirement introduces special challenges for both the accelerator and 
the detectors. The small bunch size at the collision point requires that the accelerator maintain tight 
tolerances on the beam phase space (or "emittance") through the several stages of transport, and 
that beam jitter due to ground motion or other noise sources be actively or passively corrected. 
Several groups have demonstrated the feasibility of active feedback corrections for beam jitter, 
though more work in this area is needed. 

The extreme charge density at the collision point leads to new phenomena ~ and some prob- 
lems - for linear colliders, namely beam-beam disruption, luminosity enhancement, photon emission 
and generation of e"'"e" pairs (38). For oppositely charged colliding beams, the bunches focus each 
other with a highly nonlinear force. This self-focussing leads to a enhancement in the luminosity 
by a factor of 1.5 to 2 (|4Uj) . However, the focussing also results in beams which are more difficult 
to dispose of and backgrounds in the detector from beam induced synchrotron photons (known 
colloquially as "beamstrahlung" (.45) ). The beamstrahlung results in a collision energy spectrum 
with a very significant low energy tail, as shown in figure |3 (from reference (46). Unlike the ini- 
tial state radiation which can be accurately calculated, the luminosity-weighted energy spectrum 
arises from energy variation in the bunches caused by wake fields in the accelerating structures; the 
spectrum therefore depends on the machine settings, and this will necessitate new types of beam 
instrumentation to accurately measure the luminosity spectrum. It is possible that the beams will 
have to cross at a small angle in the interaction point in order to perform diagnostic measurements 
of the beams, such as precise measurements of the beam energy, energy spread and polarization. 
Additionally, instrumentation for measuring the characteristics of the disrupted beam and beam- 
strahlung may improve the determination of the luminosity-weighted beam energy and polarization. 
The beam energy spread (~1000 ppm rms for TESLA) and luminosity- weighted beamstrahlung en- 
ergy loss (~25000 ppm) are large compared to the desired precision for measuring the top mass, 
Higgs mass, W mass and the left-right decay product asymmetry (Alr). The luminosity- weighted 
depolarization may be as large as 0.5% at a 500 GeV LC, while the polarization must be measured 
with a precision of 0.1-0.25% for the physics program of measuring Standard Model asymmetries. 
Extraction line polarization measurements may be needed to achieve the desired precision ()47|) . 
Determining the luminosity-weighted energy and polarization from instrumentation that measures 
the average energy and polarization is non-trivial, and instrumentation is required which still awaits 
development (|46j). 

1.6 Collision Options 

The LC accelerator can be modified to facilitate e~e~, 77, and e~7 collisions. The first process, 
M0ller scattering, is the reaction most sensitive to contact interactions and electron compositeness, 
but there are other situations for which e~e~ scattering is important to study ()48() . For example. 
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selectron pairs can be produced in e~e~ collisions by t-channel exchange of neutralinos (section 
IS)), with Standard Model backgrounds extremely low. This process offers the best setting for high- 
precision measurements of the selectron masses and the neutralino masses and mixing angles (|49| 

ISBEIl). 

The e~e~ option also affords a low-background method for generating 77 and e~7 collisions 
by scattering a high intensity laser pulse off the electron beams. If the Higgs boson is in the 
100-130 GeV mass range, the photon scattering can be used to create a 'Higgs-factory' based on 
s-channel production p5|l. This facility would permit high precision measurement of the h — > 77 
partial width, which is sensitive to new charged particles such as the top squark, and also the top 
quark Yukawa coupling ([52jl . The effective cross sections for producing Higgs and Supersymmetric 
particles are as large or even larger than the corresponding ones for e'''e~, and the capability of this 
machine to produce linearly polarized beams not only can provide conclusive information about the 
charge-parity (CP) nature of these particles, but also will allow us to detect any CP admixture (|.L5| . 
Certain rare decays such as h — > 77, h 7Z, and h ^ ZZ are highly sensitive to parameters of 
the Minimal Supersymmetric Standard Model (MSSM), and could be cleanly measured with the 
photon collider. A 77 collider could measure the spectrum and CP properties of the heavier Higgs 
bosons in extended models in tan f3 and Ma regions that are not accessible to the e~'~e~ machine or 
the LHC. In a high energy e'''e~ mode with unpolarized positrons, the electron beam can be used 
to produce linearly polarized photons to study the CP nature of the Higgs. 

While it will be necessary to occasionally operate the collider at the Z resonance in order to 
calibrate the detector, one can evision a program of high luminosity running at the ZZ and W"'"W~ 
thresholds in order to perform ultra-high precision measurements of electroweak parameters (|54p53|> . 

Such a physics program would be worthwhile with approximately 10* polarized Z's; at this level of 
statistics, the current uncertainty on the weak mixing angle could be reduced by a factor of 5. If 
positron polarization is possible, the measurements at the Z resonance would be even more precise. 

1.7 Detector Challenges 

The detectors used to extract physics from a linear collider face challenges from the accelerator 
architecture and beam related backgrounds, as well as from the nature of the precision physics mea- 
surements needed. Because of the important physics with missing energy signatures, the detector 
will have to cover as much of the solid angle as possible. The detector will have to incorporate a 
channel for the disposal of the disrupted beams after collision, and elaborate masking must be de- 
vised to minimize the beamstrahlung and other beam backgrounds in the detector, especially near 
the beampipes. A large background from low energy e'''e~ pairs will require a high magnetic field 
for the central detector. High-rate two-photon physics processes will create large occupancy at low 
polar angles (with respect to the beam axis), and therefore a high efficiency low-angle tagger will 
be needed. The detector issues and emerging designs are summarized in references (|55|l56ll571l58j) . 
The physics phenomena driving the detector designs can be summarized as: 
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• excellent mass resolution (especially from the clean dimuon channel) to measure recoil masses 
(Higgs bosons), kinematic edges (SUSY spectra), and spectra indicative of other new physics; 

• tagging of bottom and charm (Higgs sector, SUSY); 

• hadronic energy resolution capable of separating from Z jets, as well as Higgs boson and 
top quark decays (Higgs properties, SUSY, other theories); 

• crack-free coverage of the solid angle down to low polar angles for missing energy final states 
(SUSY, other theories). 

The flavor-tagging requires a precision vertex tracker at very small radius. Highly pixellated 
semiconductor devices are the likely technology for the vertex detector, and new semiconductor 
technologies promise to reduce the long readout time required by older CCD devices. The physics 
requires impact parameter resolution of approximately 3-5 fim and a multiple scattering less than 
~ 5/im/p(GeV). The vertex detector will also need to be able to survive the large radiation dose 
near the beampipe. 

Particle tracking technologies under consideration include large-volume drift chambers or 
time projection chambers, and smaller-radius solid-state detectors. It is not yet clear that the 
necessary precision can be achieved with conventional tracking-detector technologies. The physics 
requirement on recoil mass resolution requires improvement in the resolution from the current 
state of the art to Sp/p"^ ~ 10~^ GeV~^. Because of the large numbers of low energy pairs and 
multiple collisions during the readout time, pattern recognition for tracking is challenging. High 
efficiency tracking in the forward regions will be essential for missing energy channels. There is also 
a potentially significant uncertainty on the dimuon recoil mass measurement from knowledge of the 
luminosity- weighted energy distribution (|15j) . Since this distribution changes with machine running 
parameters, instrumentation must be developed which can accurately measure this spectrum. 

To discriminate Z decays from decays, the calorimeters will need unprecedented jet 
energy resolution. Figure [S] shows simulations for reconstructed dijet masses for e~''e~ uu TIL or 
e"'"e~ i/PW+W^. The conclusion drawn is that the jet energy resolution must be "i^Jct j \J E{GeV) 
or better ( |.5Q|) . Large diameter hadron calorimeters with the necessary granularity and resolution 
have never before been built and energy-flow methods for flnal state reconstruction are still under 
development. Energy flow techniques beneflt from fine granularity in both the electromagnetic and 
hadronic calorimeters, and with sufficiently small granularity (~1 cm pads) it is conceivable that 
the hadronic calorimeter information can be limited to "digital" mode - that is, each pad is read out 
as "on" or "off". It is not entirely clear that separate electromagnetic and hadronic calorimeters, 
in contrast to a hybrid device, are the optimal choice. 

Differences in the bunch-timing structure of warm- and cold RF machines have been men- 
tioned earlier in section 1.5.2. These different time structures will require that detectors be opti- 
mized for the machine technology choice from the standpoints of cooling, event pileup, and read- 
out H6L)|) . It will be possible to read and clear most detector technologies between cold RF bunches, 
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but this will likely be impossible for warm RF (but the pileup does not appear to be a problem). 
The exception to this is the vertex detector. With cold RF, readout can currently be achieved 
in 50 IIS, which means there will be multiple readouts during the bunch train, and RF noise can 
be a problem. The warm RF version would read out after the entire bunch train, which avoids 
the RF noise pickup. With cither technology, tracks will need to be time-stamped in order to re- 
duce backgrounds from overlapping collisions, particularly from two-photon processes. The longer 
inter-bunch spacing in a cold RF machine allows for easier time stamping. 
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Figure 1: Comparison of the indirect LEP-1 and SLD measurements of the W and top masses 
(solid contour) and the direct LEP-2 and Tevatron measurements (broken contour). Also shown is 
the Standard Model relationship for the masses as a function of the Higgs boson mass. The arrow 
labelled Aa shows the variation of this relation i/a(M^) is varied by one standard deviation. From 
reference 
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Figure 2: Layout of the preliminary design for the cold RF linear collider TESLA. The horizontal 

and vertical axes are not to the same scale, so the collision angles appear much larger than they 
are in reality. From reference Mb]) . 



Physics Opportunities with a TeV Linear Collider 



15 




Figure 3: Preliminary design for the warm RF NLC accelerator. The horizontal and vertical axes 
are not to the same scale, so the collision angles appear much larger than they are in reality. From 
reference \4Ui) . 
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Figure 4: Simulation of the luminosity spectrum expected for a 500 GeV warm RF machine, in- 
cluding the effects of initial state radiation, beamstrahlung, and linac energy spread of 0. 3%. From 
reference (^^. 
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Figure 5: Reconstructed dijet masses from simulation of e'^e — > vvZZ and e^e vfWW . The 
jet energy resolution in a) is 60%; in h) it is 30%. From reference (15,9)) . 
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The experimental successes of the Large Electron Positron (LEP) collider at CERN, the SLAC 
Linear Collider, and the Tevatron Collider at Fermilab tell us that the standard SU{2) x U{1) 
gauge theory describes the interactions of elementary particles at the 200 GeV energy scale to an 
astounding degree of precision. The model, however, has one glaring flaw: it cannot explain the 
source of either gauge boson or fermion masses without the existence of an as yet unseen scalar 
particle. This scalar particle is dubbed the Higgs boson. In the minimal version of the model, 
all particle masses are proportional to a single parameter, the Higgs vacuum expectation value, v, 
which is determined by muon decay to be f = 246 GeV. The resulting gauge theory has a single 
unknown quantity, the mass of the Higgs boson, and all observables can be calculated in terms of 
Mh. 

The search for the Higgs boson is one of the most important components of the physics 
program at both the CERN Large Hadron Collider and a future linear collider. Finding the Higgs 
boson and measuring its properties will give crucial insight into the underlying origin of mass and 
help to complete our understanding of the SU{2) x U{1) gauge theory. 

Finding a Higgs boson is only the beginning, however, and inevitably leads to more ques- 
tions. In order to prove that the Higgs boson is the source of mass and to test the completeness of 
the minimal Standard Model, three basic sets of measurements are required: 

• The couplings of the Higgs boson to fermions and gauge bosons must be proportional to the 
particle masses. This requires the measurement of Higgs boson branching ratios. 

• The Higgs boson must be a spin-0 particle with positive charge and parity. 

• The Higgs boson must generate its own mass. This requires measuring the Higgs boson 
tri- linear and quartic self-couplings. 

Should a fundamental Higgs boson not exist, alternative new physics must provide the 
apparent effects described above (such as particle masses, for example). In section 4, we describe 
the role of the linear collider in such a scenario. 

2.1 Producing the Higgs Boson at a Linear Collider 

A Higgs boson can be discovered at the LHC for any value of its mass up to the 1 TeV mass 
scale fSI). However, for most values of the Higgs boson mass, the LHC is sensitive to only a subset 
of the possible Higgs decays and so is limited in its capability to obtain a complete picture of the 
Higgs boson couplings to matter ()61|) . A linear collider can expand our knowledge of the Higgs 
boson properties beyond the LHC capabilities 

A linear collider can copiously produce a Higgs boson through both the Higgstrahlung 
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process, 

e+e" ^ Zh, (2) 

and the vector boson fusion processes, 

e'''e~ — > W"'"W~z^I7— > uuh. 

e~^e~ ZZe+e~ — > e'''e~h. (3) 

Both of these production mechanisms are sensitive to the couphngs of a Higgs boson to the W and 
Z gauge bosons. 

The Higgstrahlung process reaches its maximum rate at an energy of ^/s ~ Mz + lAM^ — 
30 GeV. Measurements of the top quark mass, the W boson mass, and other electroweak precision 
observables give an indirect hmit on the Higgs boson mass of Mh < 219 GeV ©, which suggests 
that the optimal colhder energy for observing the Higgs boson through Higgstrahlung is ^/s ~ 
350 — 500 GeV. This is one of the major considerations in determining the initial energy scale of a 
linear collider. On the other hand, the rate for Higgs production through vector boson fusion grows 
with energy and dominates the production rate at high energy. From figure El it is apparent that 
the dominant production mechanism at high energy is e"'"e~ \\vV^ . The complete set of one-loop 
electroweak radiative corrections to both Higgstrahlung and vector boson fusion are known, as are 
the strong Oia^ corrections (63) and so the predictions are on a firm theoretical basis. 



2.2 Measuring the Higgs Boson Couplings 

When the Higgs boson is produced in association with a Z boson, missing mass techniques relate 
the Higgs boson mass to the initial state energy, ^/s, and the energy of the detected Z boson, Ez, 
regardless of how the Higgs boson decays, 

Ml = s- 2^Ez + Ml . (4) 

Once the total cross section is measured by observing the Z decay products, the various decays 
of the Higgs boson can be reconstructed and the Higgs couplings to the decay products can be 
determined unambiguously. There are two techniques for obtaining branching ratios from the 
e'''e~ Zh process (|32|) . The first is to measure the total cross section for e'''e~ 7jX and divide 
by the e'''e~ Zh cross section obtained from the recoil mass technique. This approach can also 
obtain the branching ratio for the decay of the Higgs boson into an invisible mode, which occurs in 
some variants of the Standard Model. The second method is to obtain a sample of hZ events and 
measure the fraction of events corresponding to h ^ X. 

The Higgs boson branching ratios are definitive tests of the model (|331l64ll65|) and are 

expected to differ in extensions of the Standard Model f31j). For a light Higgs boson, M/j < 160 GeV, 

^For a heavy Higgs boson, Mh ^ 500 GeV , it is important to include the effects of the Higgs boson width. In 
this case , calculating the on-shell cross section and multiplying by the Higgs boson branching ratio overestimates the 
rate ll^ . 
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the typical precision on the Higgs couphngs to fermions ranges from 1 — 3% for the couphng to the 
b quark, to ~ 12% for the couplings to the charm quark and the r lepton The coupling to 

the muon is expected to be poorly measured, ~ 30%, due to its small magnitude (jSOJ. 

The top quark is much heavier than the other quarks, Mt ~ 175 GeV, and so plays a special 
role in many extensions of the Standard Model (|19|). The measurement of the Higgs boson coupling 
to the top is thus of particular interest. For < 2Mt, this coupling is not accesssible from Higgs 
decays, but instead can be measured through the associated production process, e"'"e~ tth. This 
mechanism suffers from a small rate and requires high energy, ^/s ~ 800 — 1000 GeV, and high 
luminosity. An integrated luminosity of L = 1000 fb^^ is needed for a 10 — 20% measurement of 
the Higgs-top quark coupling (f66|l. 

In the Standard Model, the Higgs boson self-couplings are dictated by the scalar potential, 

V = + X,vh' + ^h^ (5) 

where A3 = A4 = Verifying the relationship between A3 and A4 and the dependence of the 
self-couplings on the Higgs boson mass is a critical ingredient in demonstrating that the Higgs 
boson is the source of its own mass. Measuring A3 requires the production of two Higgs bosons, 
and so the rate at both a linear collider and the LHC is very small and requires the highest possible 
luminosity. 

At an energy of ^/s = 500 GeV, an e''"e^ collider is sensitive to the production channel 

e''~e~ — > Zhh. For Mh < 140 GeV, the dominant decay chain is h — > bb and there is a high efficiency 
for identifying the b's recoiling from the Z boson. This leads to a final state with four b quarks 
(from the two Higgs boson decays). The tri-linear Higgs self-coupling can be measured to roughly 
a 20% accuracy for 120 GeV < < 140 GeV with an integrated luminosity of 1000 fb"^ in this 
channel and can definitively exclude A3 = (|671I68|) . 

In order to verify the structure of the scalar potential, it is necessary to also measure the 
Higgs quartic coupling, A4. Unfortunately, this measurement remains elusive at both the LHC and 
a linear collider because of the smallness of the rate for triple Higgs production(^5|). 

2.3 Measuring the Higgs Boson Quantum Numbers 

One of the attractive features of a linear collider is that it can measure the Higgs boson quantum 
numbers with few assumptions about the underlying model. In order for the Higgs boson to have 
a vacuum expectation value, and so be the source of mass, it must be a CP (charge/parity) even 
spin particle. The angular distributions of both the Z and the h in the Higgstrahlung production 
e^e~ — > Zh are sensitive to the spin of the Higgs boson and scale as da /d cos ~ sin^ 6 for a 
JP = 0+ particle The spin can also be determined by measuring the dependence of the cross 
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section on the center-of-mass energy (see figure 171 (jTUp l and from the invariant mass of the virtual 
Z boson in the decay, h ZZ* if M/, < 2Mz (|71j) . The angular distribution of the decay products 
in the h — > ZZ* decay can also distinguish between a Standard Model Higgs boson and a CP odd, 
J^*^ = ^, pseudoscalar state. These measurements are performed at the hZ threshold energy 
and demand only a small luminosity, L ~ 20 fb^^. Determining the Higgs boson quantum numbers 
from the decay products does not depend on the production mechanism and so can also be used to 
determine the Higgs spin and charge conjugation in 77 collisions. Equivalently, the observation of 
the decay /i — > 77 rules out spin 1 for the Higgs boson. 

2.4 Higgs Spectroscopy in a Supersymmetric Model 

The model most often used for comparison with the Standard Model is the minimal supersymmetric 
standard model (MSSM). The MSSM offers a rich phenomenology. In the Higgs boson sector, there 
are five Higgs bosons: two neutral scalars, and H^, a pseudo-scalar, A^, and two charged scalars, 
H^. Because of the underlying super symmetry, this is a very predictive model. At the Born level, 
the Higgs sector has only two free parameters, which are typically taken to be the pseudoscalar mass. 
Ma, and tan/3, the ratio of the neutral Higgs boson vacuum expectation values. The lightest Higgs 
boson has an upper bound somewhere around Mh < 130 GeV (f72l) . making it easily observable at 
an e^e~ collider with ^/s = 500 GeV through the Higgstrahlung process^. 

Precision measurements of the lightest neutral Higgs boson branching ratios can give indi- 
rect evidence for the existence of supersymmetry since these rates differ from those of the Standard 

Model . Quantities such as R = r{h'^ bb)/r(/i° — > rr) are particularly sensitive to the pa- 
rameters of the supersymmetric model ()74() . For large values of tan/3, this ratio is sensitive to 
pseudoscalar masses up to 600 GeV, as can be seen in figure |H1 A global fit to the expected 
precision for Higgs boson decay rates at a -y/i = 350 GeV collider with an integrated luminosity 
of L = 1000 fb~^ suggests that a linear collider will be able to probe mass scales up to around 
Ma ~ 600 GeV for ah values of tan /3 ((73). 

As the pseudoscalar mass becomes large, the MSSM approaches a decoupling limit and the 
Higgs sector looks much like that of the Standard Model. In this limit, A^, and the charged 
Higgs bosons, are almost degenerate in mass and much heavier than the lightest neutral Higgs 
boson, while the light couples to fermions and gauge bosons with a similar magnitude as in 
the Standard Model. Therefore, in order to verify that the theory is the MSSM, it is necessary to 
observe the heavier Higgs bosons and measure their couplings. 

The dominant mechanisms for producing the heavier Higgs bosons are pair production, 

e^e~ — > H^A^ and e^e^ H^H^ , and the corresponding mass reach is approximately The 

production of a single charged Higgs, e"'"e~ htH~^, e"'"e~ — > tVtH'^, and e"''e~ —>■ W^H^ can 

^In non-minimal supersymmetric models, the bound on the lightest neutral Higgs boson mass c an b e increased to 
150 — 200 GeV by assuming that all couplings remain perturbative to the grand unification scale II73II . 
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potentially extend the mass reach, although the rates are rather small ()76|) . 
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Figure 6: Cross section for the production of a Standard Model Higgs boson through Higgsstrahlung, 
e~^e~ Zh, and in WW and ZZ fusion, — > vVh and — > e''~e~h; solid curves: ^/s = 500 
GeV, dashed curves: y/s = 800 GeV. From reference U^) . 
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Figure 7: The cross section for e~^e~ —> Zh as a function of center- of-mass energy for ruh = 
120 GeV for a spin 0,1, or 2 Higgs boson. An integrated luminosity of L = 20 fb^^ at each point 
is assumed. From reference i70{ ). 
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Figure 8: Deviation of the ratio R = r{h^ hh) /T{h^ tt) from the Standard Model prediction. 
The expected experimental uncertainty, ~ 5%, is given by the inner bands. From reference ^74\ )- 



Physics Opportunities with a TeV Linear Collider 



25 



3 Supersymmetry 

Supersymmetry is one of the most theoretically motivated extensions of the Standard Model and 
tremendous attention has been devoted to possible experimental tests (|77ll78l[75|l . It is a symmetry 
of space-time relating fermions to bosons and is implemented by associating a new particle differing 
by one-half unit of spin with every known particle (these particles are collectively dubbed sparticles) . 
Supersymmetric models are very predictive and relate the couplings of the new particles to those 
of the known particles. This leads to rather generic predictions for the production and decay rates 
of the sparticles in terms of the unknown sparticle masses. 

The Standard Model suffers from a fine tuning problem when quantum corrections to the 
Higgs boson mass are computed. This problem is cured in a supersymmetric model when the new 
particles associated with the supersymmetry have masses on the TeV energy scale ()8U|) . A linear 
collider with a center-of-mass energy between ^/s = 500 — 1000 GeV is thus ideally suited to explore 
the spectrum of a supersymmetric model. 

Observing the new particles associated with supersymmetry is a major goal of both the 
LHC and a linear collider. If supersymmetry is a symmetry at the TeV energy scale, many of the 
sparticles will be discovered at the LHC Q. At a hadron collider, however, all of the kinematically 
allowed sparticles will be produced together, and it will be complicated to untangle the pattern of 
sparticle masses and couplings (|HT|) . A lepton collider has the capability to change its center-of- 
mass energy and so can systematically explore the sparticle spectrum ((5^ . In addition, the scalar 
sparticles associated with the leptons will be difficult for the LHC to observe and discovery may not 
occur until the linear collider. The exploration of the spectroscopy of a supersymmetric model will 
occupy particle physicists at both the LHC and a linear collider for decades, with complementary 
information gained from the two machines. 

A theory with unbroken supersymmetry has particles and sparticles of equal mass. Once 
the supersymmetry is broken, the sparticles obtain masses which differ from their corresponding 
particles. Since supersymmetric particles are not observed at the weak scale, supersymmetry must 
be a broken symmetry. Different mechanisms for breaking the supersymmetry lead to varying 
patterns of sparticle masses and so understanding the source of the symmetry breaking will be a 
window to unobserved higher energy scales and to understanding the source of the supersymmetry 
breaking (f77|l. 

Our goals for understanding supersymmetry include H78|): 

• Find all the predicted sparticles. 

• Measure the sparticle couplings and quantum numbers. 

• Measure the sparticle masses. 

• Understand the supersymmetry breaking scheme. 



Supersymmetry associates a new scalar partner with each chiral fermion and so each mas- 
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sive fermion has two scalar partners: a scalar partner associated with the left-handed fermion and a 
different scalar partner corresponding to the right-handed fermion. In a model with broken super- 
symmetry, these scalar partners can have different masses. Each gauge boson has a fermion partner 
associated with it: the SU{3) x SU{2) x U{1) gauge bosons have partners called gauginos with 
masses M3, M2, and Mi respectively. The Higgs bosons also have fermion partners (Higgsinos). The 
charged fermion partners of the gauge bosons and the fermion partners of the charged compo- 
nents of the Higgs boson doublets mix to form particles called charginos, ^ = 1)2. Similarly, the 
fermion partners of the neutral Z and 7 gauge bosons, and the neutral components of the fermion 
partners of the Higgs bosons, mix to form mass eigenstates called neutralinos, > ^ = 1)4. A general 
model of supersymmetry breaking allows for arbitrary masses for all of the new superpartners. 

The most studied class of super symmetric models contains a symmetry called R-parity ()83() . 
This symmetry requires that supersymmetric particles always be produced in pairs. One conse- 
quence of R-parity is that the lightest supersymmetric particle is stable. Since there are stringent 
experimental limits on stable charged particles, the lightest supersymmetric particle (LSP) is usu- 
ally assumed to be the lightest neutralino. This particle also provides a viable candidate to explain 
the dark matter in the universe (|24|) . 

Supersymmetric models have been increasingly constrained by measurements of the branch- 
ing ratio B sj, the muon anomalous magnetic moment, a^j, = {g — 2)^, and the measurement 
of the relic dark matter in the universe (|24[|25|) . In some classes of supersymmetric models, these 
measurements can be interpreted as signals for supersymmetry at the few hundred GeV scale. 

The linear collider can pair produce sparticles with masses M < y/s/2. So the highest 
possible center-of-mass energy will yield the maximum discovery potential for the new particles 
predicted by supersymmetric models. The tunable energy of a linear collider allows for a search 
strategy where the energy thresholds of the sparticles are scanned sequentially. In addition, since the 
sparticles couple differently to left- and right-handed fermions, polarization of the initial electrons 
is effective in identifying specific production processes and reducing backgrounds 1)121118^ . 

3. 1 sleptons 

In many models, the scalar partners of the electron (selectrons) and those of the muon (smuons) are 

the lightest scalar particles. These scalars, collectively termed sleptons, Z^, are produced through 
s— channel 7 and Z exchange. 



Selectron pair production receives an additional t— channel contribution from neutralino exchange (|84j) . 
Sleptons typically decay to either a neutralino, x") or to a chargino , , 



7,Z ^ 



(6) 




(7) 
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If the slepton decays to the LSP (xi); the complete decay chain is 

e+e- ^ [+[- ^ /+/-x?X?. (8) 

The momentum of the leptons is precisely measured at a linear collider, while the neutralinos give 
missing transverse momentum in the detector. In models with i?-parity conservation, the lightest 
neutralino is stable and weakly interacting and is not observed. 

The dominant Standard Model background to slepton production and decay to a neutralino 

is 

e+e" ^ W+W" ^ -uiVi'. (9) 

The e~''e~ W'^W^ Standard Model background is many times larger than the slepton signal, 
but since it is strongly peaked in the forward direction, angular cuts are effective in reducing this 
background. (Because the sleptons are scalar particles, they decay isotropically in their rest frame 
and so they largely survive the cuts designed to eliminate the W'''W~ background.) 

The energy distribution of the outgoing leptons from slepton decay is directly related to the 
slepton and neutralino masses. 
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where Efnax and Emin are the maximum and minimum allowed lepton energies. The endpoints of 
the lepton energy spectrum can be clearly seen in figure El where the distortion in the spectrum is 
the result of initial state radiation ()85() . This technique yields measurements of the slepton masses 
with accuracies in the few hundred MeV range. 

Slepton pair production provides an example of the effectiveness of the polarization capa- 
bilities of a linear collider for reducing backgrounds. The W bosons couple only to left-handed 
particles, so scattering right-handed electrons is extremely efficient for reducing the background, 
as demonstrated in figure El One of the definitive predictions of a supersymmetric theory is that 
of the sparticle couplings. A measurement of the absolute cross section for slepton pair production 
measures the slepton couplings to 1 — 2% (|TT|) . 

The slepton masses can also be measured precisely from threshold energy scans. This 
method is independent of the decay pattern of the sleptons. Since the sleptons are scalars, the 
threshold energy dependence scales like (3^, as compared with the /? dependence for fermion pair 
production (where = 1 — 4M^/s and M is the mass of the produced particle). Measurement of 
the slepton energy dependence helps to verify that these particles are indeed scalars, as required 
by supersymmetry. 
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A linear collider can also run in an e~e~ mode. This can potentially yield more precise 
measurements of the slepton masses due to the steeper rise of the e~e~ cross sections at threshold 
as compared to e"'"e~ collisions (|i9|) . Furthermore, the background is expected to be significantly 
smaller at an e~e~ collider. 



3.2 Charginos and Neutralinos 



A linear collider can pair produce both charginos and neutralinos, 

e+e- ^ xfx?, i = l,2 (11) 
e+e- ^ i = l,4. (12) 

In most models, the lightest neutralino is stable and non-interacting, so direct pair production of 
the LSP will not be observable. The heavier neutralinos will decay to states including the lightest 
neutralino. Here we focus on chargino pair production as an example of the capabilities of a linear 
collider. 

Chargino production occurs through s— channel Z exchange and t— channel sneutrino 
exchange. The charginos decay to final states with multiple jets and missing transverse energy 
from the unobserved neutralino. The dominant backgrounds are gauge boson pair production, 
W'''W~ and ZZ, which can be minimized using polarization. 

Measurement of the chargino mass probes the entries of the chargino mass matrix: ^, M2, 
tan /3, and the sneutrino mass which enters into the production cross section, (^u is a Higgs mixing 
parameter, which is required in order to have electroweak symmetry breaking, M2 is the mass of 
the fermionic partner of the W, and tan [3 is the ratio of the vacuum expectation values of the 
neutral Higgs bosons.) The chargino mass matrix is 

"^^" = 1, V2M^cos/3 )■ 

The off-diagonal terms are often much smaller than M2 and | ^ \ and in this scenario fn^± directly 
measures M2 or ^. 

The chargino mass can be measured through the kinematic endpoints of the decay products 
and also through a threshold scan. The ability of a linear collider to make an energy scan and to 
have beam polarization allows a series of measurements, 

aL,a,j,^P,^g^,m^±, (14) 

where the L, R subscripts denote left- and right- polarized electron beams, and A^^ is the forward 
backward asymmetry, ur contains only the contributions from 7 and Z bosons, while is sensitive 
to t— channel sneutrino exchange. The combination of these measurements allows for a complete 
exploration of the parameter space in the chargino sector. 
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One of the most widely studied super symmetric models is the mSUGRA, or minimal supergravity, 
model ()86() . This model has the practical advantage that it is extremely restrictive, with all masses 
and mixing parameters being predicted in terms of four input parameters and a sign. The model 
assumes that the mass of all of the new scalar sparticles are given by a single parameter, mo, at 
the grand unification scale, Mqut ~ 2 X 10^^ GeV ( Mgut is defined to be the energy scale where 
the 3 gauge coupling constants meet). The gauginos are likewise assumed to have a common mass, 
Ml/2) a-t the GUT scale. At the scale Mgut, the theory is completely specified by, 

mo, Ml/2, ^0, tan/3, sign{fj.). (15) 

All of the sparticle masses and mixings can be expressed in terms of these variables. 

Renormalization group equations are used to evolve all parameters to the weak scale. At 
this scale, the gaugino masses are predicted to be in the ratio. 

Ml : M2 : M3 = 1 : 2 : 7 . (16) 

Measurement of gaugino parameters in these ratios would be a strong indicator for the mSUGRA 
type models. Typically in mSUGRA models, the lightest scalars are the sleptons and over much of 
the parameter space, the lightest super symmetric particle is the neutralino. 

The discovery reach of a collider in the mSUGRA model can be conveniently expressed in 
terms of its reach in the mo — M1/2 plane for fixed values of Aq, tan/3, and sign{fj,) (f57l) . An 
example of such a reach plot is shown in figure IIUI It is interesting to note that there is a region 
of parameter space (large mo and moderate M1/2) which is inaccessible to the LHC, but which a 
1 TeV linear collider can explore (|88)1 . This region is particularly interesting because the parameters 
allow the neutralino to be a dark matter candidate consistent with astrophysics experiments (|24j). 



3.4 Gauge Mediated Supersymmetry Breaking 

In this class of supersymmetric models, the supersymmetry breaking is communicated from a 
hidden sector by the gauge interactions of a new type of particle called a messenger field. Gauge 
mediated models (|5^ have a distinctive pattern of masses: gaugino masses arise at one loop and 
are proportional to the gauge coupling constants, 

~ (17) 
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and scalar masses arise at two-loops 



M'Llar - ^^C,[^) (^) (18) 



30 SD,MO 



where V F is the scale of supersymmetry breakmg, M is the messenger mass, and q depends only 
on the gauge quantum numbers of the scalar. This type of model yields a hierarchy between the 
strongly interacting squarks and gluinos and the weakly interaction sparticles. Confirmation of 
this pattern of masses at a linear collider would be a signal for gauge mediated supersymmetry 
breaking. 



3.5 Extracting the Underlying SUSY Parameters 

If evidence for supersymmetry is discovered at either the LHC or at a linear collider, the next goal 
will be to understand the source of supersymmetry breaking. This symmetry breaking presumably 
occurs at a high energy scale. As we have seen, the pattern of sparticle masses can be quite different 
depending on the source of the supersymmetry breaking. Precise measurements of SUSY masses 
and couplings can be used to extrapolate from the weak scale to high energy using renormalization 
group techniques. Because the evolution of the masses and couplings with energy is sensitive to 
the underlying model, such an exercize offers a window to the Planck mass scale. 

The evolution of the gaugino masses is particularly interesting, since in many models the 
ratio of gaugino masses is predicted to be that of Eq. 1161 Figure ^2 (from (90)) shows the 
evolution of gaugino masses in an mSUGRA model, assuming the precision which can be obtained 
in a linear collider for the measurements of Mi and M2- Note that M^, the mass of the gluino, 
cannot be measured at a linear collider, but must be determined at the LHC. Similar plots can be 
made for the evolution of the scalar masses. The combination of a linear collider with the LHC will 
truly probe the high energy/GUT scale ((?7|l . 
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Figure 9: Signal from e^e^ — > f^^fi'^ f^^fJ- XiXi o,i^d the dominant backgrounds for m 
132 GeV and m^o = 71.9 GeV, y/s = 320 GeV, and an integrated luminosity of L = 160 
From reference I185\} . 
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Figure 10: Discovery reach of a ^/s =500 GeV and 1 TeV linear collider for the mSUGRA model 
with tan/3 = 30, Aq = 0, and sign{^) = +. The discovery reach of the Fermilab Tevatron with an 
integrated luminosity of 10 fb^^, and the LHC with 100 fb^"*^ are also shown. The green shaded region 

is that preferred by dark matter experiments, while the brown region is theoretically inconsistent. 
From reference 
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Figure 11: Evolution of the gaugino masses in an mSUGRA model. The width of the hand is the 
la confidence level assuming the experimental accuracies expected at the LHC for AI3 and a linear 
collider for Ml andJVh. The mSUGRA point is mo = 200 GeV, mi/2 = 250 GeV, Aq = -100 GeV, 
tan/3 = 10, and sign{p) = +. From reference i9U\) . 



34 

4 Other Extensions to the Standard Model 



SD,MO 



4.1 Strongly Interacting Electroweak Symmetry Breaking 

Although the precision measurements shown in figure 1 strongly indicate the presence of a light 
Higgs boson, or something like it, it is possible that the electroweak symmetry breaking results from 
a new strong interaction, such as technicolor H2U|) . a composite Higgs theory, or even something 
completely different than the Standard Model. Theories with a heavy Higgs boson, or with no 
Higgs boson, can be parameterized in terms of effective Lagrangians, where the operators Oi are 
constructed from the Standard Model fields and required to be invariant under the SU (3) x SU{2) x 
U{1) gauge groups. The effective Lagrangian describes physics at the weak scale and the new 
physics which replaces the light Higgs boson of the Standard Model is contained in higher dimension 
operators which then depend on the scale at which the new physics is introduced. A, 

C ~ CsM + S.^Oi + ... (19) 

Fits to precision electroweak measurements allow a heavy Higgs boson with a mass Mh ~ 400- 
500 GeV, with new physics at the scale A ~ 0(1 — 3) TeV (91). Similarly, the Higgs boson can 
be removed completely from the theory with new physics occurring through the operators of Eq. 
1191 at the TeV scale H91() . In both the case with a heavy Higgs boson and where there is no Higgs 
boson, the three- and four-gauge boson interactions will differ from those of the Standard Model 
by terms which scale as powers of 1/A. 

If the Higgs boson is heavy, ~ 400 GeV or larger, there is no distinct Higgs resonance, 
since the Higgs boson width grows with the Higgs mass. A heavy Higgs boson implies that the 
self-interactions of the W and Z gauge bosons are becoming strong Q. The measurement of the 
branching ratios, h W+W^ and h ZZ, would be sensitive to this physics and could help 
to untangle the underlying mechanism of symmetry breaking ()92j) . If the Higgs boson is removed 
completely from the theory, or is very heavy, then the effects will be seen in non-Standard Model self- 
interactions of the W and Z gauge bosons. Changes to the 4-gauge boson vertices can be probed by 
measuring gauge boson scattering through the processes, e+e~ iyVW~^W~ and e"'"e~ e^Q~7/L. 
These effects are suppressed by powers of the scale A and are expected to be small (fT^ . Probing 
the 4-gauge boson vertices requires that the linear collider run at the highest possible energy and 
with the highest possible luminosity. 

Strong interactions in the electroweak sector can also manifest themselves through alter- 
ations of the 3-gauge boson vertices. The process e"'"e~ W^W^ is sensitive to alterations in the 
7W^W^ and ZW^W^ vertices. Since W"'"W— pair production pairs is the largest single contribu- 
tion to the total e'''e~ cross section, this process is quite sensitive to small changes in the 3-gauge 
boson vertices (|121lll|) . In addition, in many models with strong electroweak symmetry breaking, 
there is a p-like resonance with a mass below a few TeV whose properties can be modeled by anal- 
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ogy with QCD. A linear collider running at ^/s = 800 GeV and with an integrated luminosity of 
L = 500 fb^^ can see the effects of a 1-2 TeV resonance through the process e"'"e~ W"^W~ (16) 
as is shown in figure IT^ ^ A linear collider can even probe the scenario where the Higgs boson is 
removed from the theory by becoming infinitely massive (the point labelled LET in figure [T^ . 

In order to go beyond the effective Lagrangian approach, it is necessary to construct explicit 
models which allow for a heavy Higgs boson, or no Higgs boson, and are consistent with the precision 
electroweak measurements. These models tend to have new light vector bosons or fermions whose 
effects could be observed at a linear collider (|93() . 

4-2 Top Mass measurements 

A linear collider, operating near the tt production threshold energy, will have broad capabilities 
for precision top quark measurements. Measurements include the top quark mass, mt, and width, 
r^, along with the top quark- Higgs boson Yukawa coupling, guh (:94 ^.95j) . The large top quark 
mass gives the top quark a special role in many models with physics beyond the Standard Model 
and so precise measurements of its parameters will provide important new insights into the source 
of mass (19). The top quark mass is also an important component of the electroweak precision 
measurement program, as seen in figure 1, and so it is important to measure it as accurately as 
possible. 

Because of its large width, Tt ~ 1.5 GeV, the top quark will decay before it hadronizes 
and so non-perturbative effects are expected to be highly suppressed. The dependence of the 
cross section for e~''e~ tt on the energy can be computed reliably and the rate increases by a 
factor of ten as the center- of- mass energy is varied by 5 GeV around the threshold energy. The 
location of the rise of the cross section can be used to extract the top quark mass, while the shape 
and normalization yield information about Tt, gtth, and as- The threshold cross section has been 
calculated including some of the next-to-next-to-leading logarithms, as shown in figure IT^ H961I97|) . 
The complete set of next-to-next-to-leading logarithmic contributions is not yet complete, but the 
large size of the corrections relative to the next-to-leading logarithmic terms ()98() suggests that 
the uncertainty on the cross section measurement will be slightly larger than previously estimated, 
ScTtt/cTtt ~ ±6%. This implies that a linear collider operating at the tt threshold will be able to 
measure the top quark mass with an accuracy of 6mt ~ 100 MeV 1)95^ . This should be compared 
with an expected accuracy at the LHC of 5mt ~ 1-2 GeV 

4-3 Extra Dimensions 

An alternative solution to the hierarchy problem was discovered in 1998 H99|) through the realization 

that an effective Planck scale with electroweak energy can exist as a fraction of the true Planck 

*When the W" ^W ~ interactions become strong, the ampUtude for e"'"e~ W'''W~ develops a complex form 
factor, Ft- Figure WIl shows the predictions for this form factor is a model with a heavy vectorlike p meson. 
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energy if there are extra spatial dimensions. There are now three classes of these extra-dimension 
models, differing from each other in the geometry of the various fields. They also have different 
experimental signatures (jlQQJ). Common features of the models are closely-spaced excitations ex- 
tending into the TeV mass range and particles with spin-2, both well suited for study in e'''e~ 
collisions at the highest possible energies. Furthermore, the e~e~, e~7, and 77 options of a linear 
collider (|1U1() . as well as the possibility of transverse polarization pU2|) . are uniquely suited to 
differentiating the extra-dimension models. 

The original extra dimensions model was described by Arkani-Hamed, Dimopoulos, and 
Dvali (ADD) H99j) : it confines the Standard Model fields to a 1+3 dimensional brane, while gravity 
propagates in the "bulk" of the other dimensions. In this way, gravity might be strong in the bulk, 
but only a fraction is felt on the brane. It can be arranged so that d of the dimensions forming the 
bulk share a relativly large length scale R, with the result: 

M'planck ~ M^+IX, (20) 

where M^rane is the effective Planck mass scale on the 3-brane where the Standard Model lives. 
Thus, the effective Planck mass can be tuned TeV scale; for d=2, R is on the order of a millimeter. 
Unfortunately, ADD introduces a new hierarchy problem insofar as the TeV string scale is so 
different from the compactification scale. A consequence of the graviton propagating in the bulk 
is a tower of excited Kaluza-Klein (KK) graviton states which couple weakly to Standard Model 
particles. In e''~e~ collisions the experimental signature is either missing energy in Standard Model 
processes by radiation of a KK graviton from SM particles H1U3|) . or altered pair production by 
virtue of a graviton propagator HlU4UlU5lllU6l[Tn7lllU8|l (the pair rate and angular distribution 
would be affected). A striking signature would be radiation of a graviton from a virtual photon, 
creating a visible photon and missing energy (|109|llin|) . Figure El shows a calculation (jllHl for 
the radiated graviton in Bhabha scattering. Clean measurement of the angular distribution of final 
states consisting of a single photon and missing energy should be able to distinguish the ADD 
model from a scenario where the missing energy is from extra neutrinos or superpartners. 

A different model due to Randall and Sundrum (RS) ()112() allows for a brane having a TeV 
scale without requiring the compactification radius of the extra dimensions to be large and cures 
the ADD heirarchy problem. In the RS schemes there is one extra dimension and there are two 
branes, one with an effective Planck mass (Mpianck) which can be the TeV scale, and the other at 
the Planck scale; a scalar field in the bulk is needed to keep the branes the proper distance apart. 

This results in a factor e~'"'^^ which warps the spacetime metric and creates the scale difference 
between the two branes; k is the curvature of the fifth dimension and R is the compatification 
scale. Since the metric is a function of the 5th coordinate, the theory is nonfactorizable. A TeV 
scale can be achieved on the low energy brane if kR ~ 12. The original models had the Standard 
Model particles located on the TeV brane, but current models let all particles apart from the Higgs 
boson reside in the bulk. As in the ADD case, the extra dimension gives rise to KK excitations 
of the Standad Model particles. Unlike ADD, the graviton masses are of the electroweak scale, 
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and there will be a series of KK gravitons. The masses of the KK excitations of the gravitons are 
= Cn"iO) where mg = Ke^'^'^^ and (n are zeroes of the Bessel function H113|) : other schemes 
lead to different mass spacings. It is perhaps more useful to consider the free model parameters 
as rriQ and c = n/Mpianck which is an effective coupling (114). The gravitons have weak strength 
and decay into pairs of Standard Model particles with a width dependent on cq. Figure ITKl shows 
a spectrum of such KK excitations, clearly well suited to the excellent mass resolution of a linear 
collider. These KK resonances resemble excited Z bosons. The key RS experimental signature 
is the spin-2 nature of the RS gravitons, which is reflected in the angular distributions and often 
with an enhancement of particles transverse to the beams. Figure summarizes the difference 
between ADD and RS production of single photons versus dimuons. At the very high energy scale 
of y/s =2 TeV shown in this figure, it is possible for a linear collider to distinguish between these 
two extra dimension scenarios. 

The RS bulk scalar field gives rise to a projection on the TeV brane; the resulting particle 
is dubbed the "radion" ()115() . The radion manifestation of the scalar field should also have clear 
experimental consequences due to its Higgs-like nature. The radion field therefore mixes with the 
Higgs boson and can significantly change the Standard Model Higgs boson branching ratios. 

There is also the possibility that all of the Standard Model fields live in the extra-dimensional 
bulk, in which case all Standard Model particles will have KK excitations; such models are called 
Universal Extra Dimensions (UED) (I116|l . In UED models, because all the fields are allowed in 
the bulk, conservation laws apply with the consequence that there is KK number conservation. At 
lowest order, excited particles are produced in pairs, and the lightest KK particle is the photon 
with n=0. With excitations possible for all particles, the phenomenological space is large and more 
study is encouraged. This model is actually very similar to SUSY insofar as every SM particle has a 
tower of KK-partners; in contrast to SUSY, the partners have the same spin. Determining whether 
one is seeing UED or SUSY will require excellent determination of angular distributions. In the 
UED models there can be excited quark bound states resulting in a complex spectrum (|117|) . 
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Figure 12: Sensitivity of the longitudinal W form factor at a linear collider with ^/s = 800 GeV 
and an integrated luminosity of L = 500 fb~^ to a "p"-like resonance of mass 1.6 and 2.5 TeV. 

Also shown is the Standard Model result and the result in a theory where the Higgs mass is taken 
to be infinitely massive (labelled LET). From reference 1^1^) . 
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Figure 13: Dependence of the e^e~ tt cross section on the center- of-mass energy, ^/s. The curves 
labelled LL (dotted), NLL (dashed), and NNLL (solid) include leading logarithmic, next-to-leading 
logarithmic, and next-to-next-to- leading logarithmic contributions, respectively. The three curves 

for each set of corrections represent the variation of the rate with changes of the renormaliztion 
scale. This figure uses a threshold mass definition for the top quark mass ^91^ . From reference fV~B). 
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Figure 14: Cross section for e~^e~ iGn versus e'^e~ e~^e~Gn for polarized electrons at 
y/s = 500 GeV; Gn are the KK excitations of the gravitons. The number of extra dimensions is 
indicated by the number on each curve. The shading represents the region of low reliability for the 
theoretical calculation. From reference 
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Figure 15: e^e~ production of graviton and neutral gauge KK excitations for a model having the 
first KK excitation at 500 GeV. The series of curves represents various values of k/ Mpianck- From 
reference H113|) . 
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Figure 16: Cross section for single photon production compared to the dimuon production for some 
ADD and RS models in e~^e~ production at y/s = 2 TeV. The two ADD lines are for extra dimen- 
sions of 3 and 6. The RS curves are for mo = 200 and 400 GeV. From reference \114\j - 
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5.1 The Linear Collider and Astrophysics 

Two startling discoveries in astrophysics have presented High Energy Physics with new chahenges. 
Astrophysical measurements indicate that 95% of the gravitating energy in the universe is of an 
unknown form ()23|). Even more embarassing is the indication that ~70% of the closure density of 
the universe is a dark energy heretofore unpredicted in any physical theory (except for Einstein's 
cosmological constant) (jll8|) . These conclusions result from a number of remarkably consistent 
astrophysical measurements. Measurement of the Cosmic Microwave Background (CMB) ()119j) 
gives the photon density of the universe. Together with a value for the Hubble expansion parame- 
ter, measurement of the CMB temperature anisotropy directly measures the total matter -|-energy 
density Otot (scaled by the critical density) as well as the density for baryonic matter $7^- The 
baryonic matter is that from all strongly interacting particles; their density (relative to the photons) 
is also inferred from measured isotopic abundances interpreted via big-bang nucleosynthesis. The 
total matter density can be inferred from the speed distribution of luminous matter within galactic 
clusters, gravitational lensing, and features in the CMB anisotropy. The dark energy is indicated by 
nonlinearity in the luminosity-distance curve measured for Type la supernovae (|12()|1 . Combining 
the experimental data yields the values 0.044ib0.004 for the baryonic matter density, 0.22ib0.02 for 
the dark matter density, and 0.73ib0.04 for the dark energy component (|12HI12^I25U1231) . The 
remaining 0.006 constitutes neutrinos and photons. One particular example of the parameter space 
is illustrated in figure [T7I (from reference (|124|1 ). 

The connections to particle physics are obvious. Candidates for the dark matter exist in a 
number of the extensions to the Standard Model. The dark energy issue is tougher to understand, 
but it could possibly be explained by evolution of the vacuum. The connection between High 
Energy Physics and cosmology is not limited to dark matter and dark energy. The Standard 
Model in its minimal form fails to explain the lack of observed antimatter in the universe. It is 
possible that this asymmetry is created at the weak scale and so linear collider physics could shed 
light on the problem. The spectrum of cosmic rays at ultra- high energy (10^^ eV and higher) is 
not fundamentally understood and could have its roots in electroweak physics. In the following 
sections, we discuss the implications for LC physics of the astrophysics connections. 

5.2 Dark Matter 

Candidates for dark matter p25|l78jl abound in the new theoretical extensions to the Standard 
Model, and the role of the LC would be to identify the creation of such particles and show that 
the annihilation cross sections, ga, are consistent with the astrophysical measurements. The only 
thing we know about the dark matter is that it must be neutral and its abundance, which can be 
related to its production cross section. Within the context of cosmological evolution (the big bang 
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coupled with an electroweak phase transition leading to inflation), particles are in equilibrium as 
long as their interaction rate with the cosmic plasma is larger than the Hubble expansion. When 
the interaction rate falls below the expansion rate of the universe, these particles are said to "freeze 
out", implying that their comoving number density becomes reasonably constant. For relativistic 
particles of mass m, the number density after freeze-out will be similar to that for the photons, with 

~ m/(100 eV), where h is the Hubble constant in units of 100 km/s/Mpc. This cannot account 
for the measured dark matter abundance, so we must consider nonrelativistic particle freeze-out. 
For particles which are nonrelativistic at the time of decoupling, iterative solution of the Boltzmann 
equation yields 0, ~ 400 fb/a^ (|1261I23|) . Equating this to the measured 0.22 indicates that the 
dark matter is nonrelativistic, or cold (CDM), and has an annihilation cross section in the weak 
interaction range. 

There is a growing list of candidates to account for the CDM: weakly interacting massive 
particles (WIMPs), the gravitino, axions, super- weakly interacting particles, other non-WIMP 
matter, and excitations arising in extra-dimension models. The axion is a long-lived pseudo-Nambu- 
Goldstone boson invented as a possible solution of the strong CP problem H127|l . Axions have very 
small couplings to matter and therefore cannot be effectively probed at particle colliders. The 
lightest particles in Universal Extra Dimension theories (Kaluza-Klein towers or brane excitations) 
are newer candidates for the CDM (|1 2811 2911 If these candidates have masses in the electroweak 
mass range, the superior mass resolution of a linear collider would identify the series of narrow 
states associated with these dimensional excitations. WIMPs are the dark matter candidates for 
which the LC role has been most studied so far. WIMP CDM candidates include supersymmetric 
particles H131() . with the best candidate for CDM being the lightest supersymmetric particle (LSP), 
which is stable owing to R-parity conservation. If SUSY breaking is gauge- mediated, the LSP is 
the gravitino, which would interact at gravitational strength. This scenario would be born out 
experimentally by identifying the other superparticle masses and couplings. 

To demonstrate that an LSP constitutes the CDM, the correct freeze-out density must be 
achieved through the possible annihilation and production scattering processes. Neutralino annihi- 
lation occurs both through self-annihilation and by scattering with other superpartners (coannihi- 
lation) such as staus. The supersymmetric particle spectra can complicate the freeze-out scenario 
significantly, therefore associating the LSP with the CDM will require detailed knowledge of the 
supersymmetric particle masses and couplings. For instance, if the LSP has a slightly heavier 
partner with the same quantum numbers and a larger annihilation cross section, the effective LSP 
annihilation rate is significantly altered. Simply knowing the LSP mass and self annihilation cross 
section is not good enough to identify this as the CDM, and this stresses the need for precision 
measurements in this physics. The neutralinos are ideal objects to study at the linear collider. The 
masses will be measured to high precision via the kinematics, and measurement of the produc- 
tion rates from polarized beams will absolutely establish their gaugino properties. High precision 
measurements afforded by a linear collider can determine the effective ft dm to an accuracy nearly 
equalling that for the astrophysical measurements (|132j) . 
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As an example of how the supersymmetric parameter space can be studied in the context of 
CDM, we focus on the supergravity models (see section |2l3). In minimal supergravity (mSUGRA) 
one assumes a single common gaugino mass Mi and a universal trilinear term Aq. The only 

2 

remaining parameters of this model are the soft scalar mass niQ, the ratio of Higgs field vacuum 
expectation values tan /?, and the sign of the Higgs mixing mass /i. For assumed values of tan /?, Aq, 
and sign(/x), the LSP production can be calculated in the mo-Mi space to derive values of JI/ja/Zi^; 

2 

this is shown in figure IT51 for Aq=0 and fi > 0. 

To explore the mSUGRA possibilities, it is useful to describe regions of distinct LSP produc- 
tion and annihilation which can support the observed CDM equilibrium density. Figure^] (adapted 
from fll33ll88l[T^ ). shows the allowed mg-Mi space after applying restrictions for the feasibility of 

2 

electroweak spontaneous symmetry breaking and CDM constraints. There are four distinct LSP 
production regions. In the low mass bulk area the parameters of the supersymmetric model are 
moderate and in a range where the symmetry breaking does not result from fine-tuned cancellations 
between very large sparticle masses. In this region the LSP is the fermion partner of the U(l) gauge 
boson (the Bino), and the model has light sleptons which allow t-channel annihilation to keep J^dm 
in the allowed range. The "co-annihilation" region is where the LSP is near-degenerate with other 
sparticles, enhancing the annihilation reaction. The "focus point" region at tuq >> Mi has the 

2 

fermion partner of the neutral Higgs boson (Higgsino) as the LSP; here annihilation is enhanced 
by Z exchange. The "Higgs annihilation" region is where s-channel annihilation becomes enhanced 
for Mfi ~ 2Mlsp- These regions are indicated in the figure, along with letters indicating suggested 
benchmark points for studing the possible scenarios (p.~5|) . 

5. 3 Baryogenesis 

Standard Model physics cannot explain the observed matter/antimatter asymmetry of the universe. 
The theoretical recipe for generating a baryon asymmetry was pointed out by Sakharov ()134() as 
requiring violation of baryon number, violation of the C and CP symmetries, and a departure 
from thermal equilibrium. These conditions are possible in GUT-scale processes (|135|l . but physics 
at this scale is not testable in particle accelerators. However, since there is already speculation 
that supersymmetry is broken at the electroweak scale, electroweak physics does provide several 
possibilities for baryogenesis which a linear collider could probe. 

In electroweak theory baryon number can be violated by nonperturbative processes arising 
from the nontrivial structure of the electroweak vacuum H136|) . A phase transition in the Higgs field 
could give rise to baryogenesis at TeV temperatures. The order of the transition is determined by 
the modulus of the Higgs field and the critical temperature is that where the nonzero minimum of 
the Higgs field becomes the favored vacuum state. Thermal equilibrium is disrupted by quantum- 
tunnelling nucleation of bubbles of the new vacuum state, and these bubbles eventually expand 
and carry the phase transition to all space. CP is violated during the periods of phase change 
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as the Higgs field is clianging. Witliin tlie minimal Standard Model it is not possible to achieve 
the fundamental criterion ^ > 1. The MSSM can satisfy the condition, though there are tight 

theoretical constraints: < 120 GeV and rustop < ^top for tan/3 > 5 (|137() . however others 
are less optimistic (|138|> . The precision measurements from a linear collider of the stop mass and 
mixing parameters are essential for probing electroweak baryogenesis. The CP contraints would be 
obtained from precision measurement of chargino and neutralino masses and mixings. 

There are other mechanisms for baryogenesis worth mentioning. In leptogenesis H139() a lep- 
ton asymmetry creates a baryon asymmetry via EW processes. The Sakharov criteria are satisfied 
by the decay of a heavy lepton which has frozen out of thermal equilibrium. Such heavy leptons 
could be, e.g., a right-handed Majorana neutrino which violates the B-minus-L conservation. The 
SM can be extended to accomodate such particle by embedding in the GUT group SO (10), which 
is already an attractive way to describe the smallness of neutrino masses. The linear collider could 
shed light on this scenario by accessing GUT-scale physics via precision electroweak measurements 
or by direct observation of lepton flavor violation. Affleck and Dine H140|) have suggested a scheme 
for baryogenesis from the decay of scalar cosmological fields carrying nonzero baryon number. 
The MSSM facilitates the mechanism nicely, providing yet another theoretical scenario requiring 
precision measurements in the electroweak sector. 

5.4 Dark Energy 

The fact that most of the energy density in the universe is neither in the form of matter or radiation 
is undeniable from the case made with data from the Type la supernova survey, fits to the CMB 
anisotropy, and the clustering properties of radio galaxies. The source of this dark energy remains a 
mystery. Some possible explanations are exotic supersymmetry breaking, extra-dimensions, scalar 
fields with both kinetic and potential terms in the Lagrangian, and modifications to gravity. Of 
these, the first three might be resolved with linear collider data. 

If supersymmetry broken at the electroweak scale were the correct theory, the dark energy 
should be at the supersymmetry breaking energy scale of 1 TeV. The vacuum energy density is 

Pvac = ^tac — (10"'^ eV)'^, so the theory differs with observation by 15 orders of magnitude (|l23|) . 
But perhaps supersymmetry is broken differently. Discovering supersymmetry and performing 
precision measurements leading to a understanding of the breaking might lead to understanding of 
the dark energy. 

In some models with extra dimensions, the spatial geometry contributes to the apparent 
3D vacuum energy significantly. For instance, in brane models with two extra dimensions, the 
brane tension affects the observed cosmological constant. If the extra dimensions are sufficiently 
large, a linear collider could shed light on the dark energy problem by mapping out the spectrum 
of Kaluza-Klein excitations. 

The dynamical scalar field in models like quintessence H136|l interacts with matter. The 
dark energy can therefore interact with the dark matter, and if the dark matter is in the form of. 
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e.g., neutralinos, measurements of the super symmetric particle masses might again shed hght on 
the dark energy. 
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The broad band with positive slope represents supernova data. The narrow band with negative slope 

comes from CMB anisotropy measurements. The vertical band is from the 2° field galaxy survey. 
From reference il24) . 
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Figure 18: Contours ofQh'^ in the mSUGRA model. Here = and fi > 0; representative values 

of tan (3 are as indicated. The shaded regions are excluded by the requirements of a neutral LSP 
(left) and the 103 GeV chargino mass hound from direct searches at the Tevatron (right and bottom). 
In the black region, neutralinos annihilate through the light Higgs pole. (Heavy Higgs poles also play 
a role in limited regions with tan/3 = 50 and mo <1 TeV.) Effects of co- annihilation, important 
along the boundaries of the excluded regions, have not been included. From reference ^126^) . 
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Figure 19: Allowed regions for uiq versus Mi in mSUGRA models. The various labelled regions are 
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described in the text. Also shown are benchmark points for studying various types of supersymmetric 
model. Adapted from references il33l\8^\13\} . 
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We hope that this review has served as an (ah too brief!) introduction to some of the exciting physics 
potentiahy accessible at a 500 GeV - 1 TeV Hnear electron positron collider. The technology now 
exists to build a machine of the required energy and luminosity to explore with high precision 
the energy range pertinent to the electroweak theory. It has been argued that the high precision 
measurements play a role both orthogonal to the measurements the LHC will make and supportive 
of some of the physics LHC will possibly see. For this reason a linear collider should be operational 
before the end of LHC running. Precision measurements at the TeV electroweak scale have been 
shown to be a potential window on much higher energy scales (even the Planck scale) in a large 
class of theories. 

Within the electroweak theory, an electron-positron collider has been shown to have the 
capability to pin down quantum numbers and explore the chiral nature of couplings by virtue of 
the superior energy resolution and polarized beams. Options for collisions of electrons or photons 
have been described which shed even more light on the nature of couplings and can enhance signals 
over backgrounds. Specific examples have been given of the power a linear collider has to study 
the Higgs sector and identify particles and measure parameters in supersymmetric models. 

Only a sampling of the alternative models have been described. Some of these theories 
could account for the large energy gap between the Planck and electroweak scales. Others provide 
possible explanations for the cosmological dark matter or dark energy. While we cannot predict 
exactly what new physics will emerge from the measurements at the TeV scale, we know from 
virtual effects in recent measurements that this energy scale will be active and lead to better 
understanding of the electroweak theory ... and possibly beyond. We argue that the high energy 
reach, particle production, precision and polarization of a combined LHC and e'''e~ collider program 
will be necessary to fully explore this physics. 
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